and explain the conservation of the EEVD motif in all
). All electrostatic contacts bebound to TPR2A shows that all five residues of the bound peptide are well-ordered ( Figure 2G ). The extween the TPR domains and the peptides occur in the regions of the EEVD motif, whereas the regions of the tended conformation of the peptides allows for the display of a maximized surface toward the TPR domains bound peptides that lie N-terminal to the EEVD motif are engaged exclusively in hydrophobic and van der and thus facilitates the specific recognition of short amino acid stretches with sufficient affinity.
Waals interactions (Figures 4A and 4B ). In the following description of the TPR-peptide complexes, the C-terminal Asp residue of the peptides will A Highly Conserved Two-Carboxylate Clamp Anchors be referred to as Asp 0. The preceding residues will be the EEVD Motif to TPR1 and TPR2A numbered in descending order as Val Ϫ1, Glu Ϫ2, Glu Three kinds of hydrogen-bonding interactions are in-Ϫ3, Ile Ϫ4, Thr Ϫ5, Pro Ϫ6, and Gly Ϫ7 for the Hsp70 volved in mediating peptide binding to TPR1 and TPR2A: peptide ( Figure 4A The only peptide sidechain in the TPR1 complex that and TPR2A domains, respectively. In addition to the described electrostatic interactions is recognized via an electrostatic interaction is the sidechain carboxylate of Asp 0 that interacts with Lys 73 between the TPR domains and the EEVD motif of the bound peptides, peptide residue Val Ϫ1 engages in hy-( Figure 4A ). An additional sidechain contact is mediated by an ordered water molecule that is tetrahedrally coordrophobic and van der Waals contacts which are also mostly conserved between the two complexes (Figures dinated by the sidechain carbonyls of Asp 0 and Asn 43, the guanidinium group of Arg 77, and the sidechain 4A and 4B).
human proteins that are implicated in disease (listed in Figure 3 ). It seems likely that at least some of these TPR proteins are cochaperones of Hsp70 or Hsp90.
Hydrophobic Interactions with Residues Upstream of EEVD Provide Hsp Specificity
The electrostatic interactions of TPR1 and TPR2A with the EEVD motif described above cannot discriminate between the C termini of Hsp70 and Hsp90, raising the important question of how specificity in TPR-Hsp binding is achieved. It is apparent from the structures of the TPR-peptide complexes that additional contacts are made with peptide residues N-terminal to the EEVD motif (Figures 4 and 5) . These contacts are critical for peptide binding with a physiologically relevant high affinity ( Figure 6A ). Whereas the C-terminal heptamer peptide of Hsc70 bound to TPR1 with the same affinity as the complete C-terminal domain of Hsp70/Hsc70, truncation of the residues N-terminal to the EEVD motif resulted in a sharp drop in the affinity from 15-20 M to about 300 mM. Furthermore, the peptide IEEVD that is equivalent in length to the Hsp90 peptide bound with an affinity of only 140 M, significantly weaker than the Ϫ3 of the peptide seem to compensate the smaller hyNotably, the sidechain residues of the TPR1 and drophobic interaction surface ( Figure 4B ). As a conse-TPR2A domains that form the two-carboxylate clamp quence of the tighter interaction of TPR2A with the EEVD are highly conserved in all TPR domains known to bind motif, the buried surface area is about 100 Å 2 larger than to the C-terminal domains of Hsp70/Hsc70 or Hsp90 the buried surface area calculated for TPR1 in complex (Figure 3 Structure Determination and Refinement difference Patterson map from data at the wavelength of maximal f Ni ЈЈ (Ni1). The single nickel site was then used to calculate MAD The structure of the TPR1 complex was solved by molecular replacephases with MLPHARE (CCP4, 1994). These phases were used to ment using the program Amore as implemented in CCP4 (Bailey, identify the two selenium sites from an anomalous difference Fourier 1994). Parts of a previously determined crystal structure of TPR1L map calculated with data at maximal f Se ЈЈ (Se1). For the final phasing (amino acids 1-140 of Hop) (C. S. and I. M., unpublished data) served run, the inflection point wavelength of nickel (Ni2) was used as the as a search model. The TPR1-peptide complex was refined with native data set and the three other wavelengths (Ni1, Se1, Se2) were the program CNS (Brunger et al., 1998) using all diffraction data treated as separate derivatives. Phases were calculated between between 20 and 1.6 Å resolution, excluding 10% of the data for 17.0 Å and 2.1 Å resolution and their initial mean figure of merit cross-validation (Table 1 ). All refinement steps were performed withof 0.74 was improved to 0.88 by solvent flattening and histogram out making use of the noncrystallographic symmetry. The two crysmatching using the program DM (CCP4, 1994). The resulting electron tallographically independent TPR1 domains (chain A and chain B) density map was of high quality and allowed wARP (Perrakis et al., could be traced from residues A2 to A118 and B1 to B115. Owing 1997) to trace roughly 90% of the final structure. The atomic models to disorder, residues A2, B1, B2, and B110 were modeled as alawere checked and rebuilt using the program O (Jones et al., 1991). nines. The locations of the two peptides were determined from a Refinements were carried out with the program CNS (Brü nger et al., difference electron density map. In both cases, only the last eight 1998) against the native data set using all diffraction data between amino acids GPTIEEVD of the peptide could be traced. The differ-10 and 1.9 Å resolution, excluding 10% of the data for cross-validaence electron density map also allowed the identification of four tion. The chains were traced from Lys223 to Gln349 for the TPR2A nickel atoms (two per monomer) and four TRIS molecules (two per domain and from Met Ϫ4 to Asp 0 for the peptide. Due to disorder, monomer). Two weak nickel sites were located at His A/B36. The residues A291 to A294 and A348 were modeled as alanines. The occupancy was manually set to 0.5 to adjust the temperature factors single nickel site used during phasing was found to mediate a crystal to those of the bound histidines. Two fully occupied sites were contact from His247 to His321 and Lys325 from a symmetry- 274, 1718-1720.
